Objective Translin knockout (KO) mice display robust adiposity. Recent studies indicate that translin and its partner protein, trax, regulate the microRNA and ATM kinase signaling pathways, both of which have been implicated in regulating metabolism. In the course of characterizing the metabolic profile of these mice, we found that they display normal glucose tolerance despite their elevated adiposity. Accordingly, we investigated why translin KO mice display this paradoxical phenotype. Methods To help distinguish between the metabolic effects of increased adiposity and those of translin deletion per se, we compared three groups: (1) wild-type (WT), (2) translin KO mice on a standard chow diet, and (3) adiposity-matched WT mice that were placed on a high-fat diet until they matched translin KO adiposity levels. All groups were scanned to determine their body composition and tested to evaluate their glucose and insulin tolerance. Plasma, hepatic, and adipose tissue samples were collected and used for histological and molecular analyses. Results Translin KO mice show normal glucose tolerance whereas adiposity-matched WT mice, placed on a high-fat diet, do not. In addition, translin KO mice display prominent hepatic steatosis that is more severe than that of adiposity-matched WT mice. Unlike adiposity-matched WT mice, translin KO mice display three key features that have been shown to reduce susceptibility to insulin resistance: increased accumulation of subcutaneous fat, increased levels of circulating adiponectin, and decreased Tnfα expression in hepatic and adipose tissue. Conclusions The ability of translin KO mice to retain normal glucose tolerance in the face of marked adipose tissue expansion may be due to the three protective factors noted above. Further studies aimed at defining the molecular bases for this combination of protective phenotypes may yield new approaches to limit the adverse metabolic consequences of obesity.
Introduction
The increasing prevalence of obesity-linked diabetes and its medical consequences has invigorated interest in understanding the pathogenesis of these disorders. Characterization of animal models with elevated adiposity is a top priority as this approach has the potential to yield new insights helpful in combating these metabolic disorders. From this perspective, mice lacking translin, are particularly interesting since they display robust adiposity comparable to that found in MC3R knockout (KO) mice [1, 2] , yet their metabolic profile has not been characterized.
Studies aimed at defining translin's role in cellular signaling have revealed that it binds to a homologous partner protein, translin-associated factor X (trax) to form a microRNA-degrading enzyme [3, 4] . In addition, trax, acting independently of translin, binds to and activates ataxia telangiectasia mutated (ATM) kinase [5] . Although this kinase is well known for its role in DNA repair, it also regulates other cellular processes, including insulin signaling [6] . As translin deletion also causes loss of trax protein expression, dysregulation of either microRNA or ATM signaling pathways might contribute to metabolic phenotypes displayed by translin KO mice.
In preliminary studies characterizing the metabolic profile of translin KO mice, we unexpectedly found that these mice display normal glucose tolerance despite their elevated adiposity on a standard (low-fat) diet. Accordingly, we investigated the basis for this paradoxical phenotype.
Body composition
To determine body composition in live mice, nuclear magnetic resonance imaging (EchoMRI-100, Houston, TX) was performed without anesthesia. To determine distribution of subcutaneous and visceral fat in mice carcasses, an established procedure, described by Clegg et al. [8] , was used.
Indirect calorimetry
Oxygen consumption (VO 2 ), carbon dioxide production (VCO 2 ), respiratory exchange ratio (RER), energy expenditure (EE), locomotor activity and food intake for~8week-old WT and translin KO mice were determined using indirect calorimetric measurements in an open-flow indirect calorimeter (Oxymax; Columbus Instruments, Columbus, OH). Mice were allowed to acclimate to the metabolic chambers for 48 h. Data for VO 2 and VCO 2 rates, locomotor activity and food intake were collected over the subsequent 72-h period in 18-min intervals, using CLAX software (v5. 22 ) . The RER ( = VCO 2 /VO 2 ) was used to evaluate relative oxidation of fat (RER approaching 0.7) vs. carbohydrate (RER approaching 1.0). EE was calculated using the Lusk equation (EE = (3.815 + (1.232 × RER) × VO 2 ) as outlined by CLAX software. EE and food intake were analyzed by analysis of covariance (ANCOVA) using Sig-maPlot 14, as recommended by Tschöp et al. [9] . Data shown here represent two cohorts run at different times. Each cohort had an equal number of WT and translin KO mice. Values for VO 2 and VCO 2 identified as outliers by Grubb's outlier test were excluded (n = 1/group). Corresponding RER and EE values were also excluded. Food intake data for three animals (n = 2 for WT and 1 for KO) were excluded due to food spillage.
Histological assessment 5-µm-thick sections of paraffin-embedded liver and epididymal white adipose tissue (eWAT) samples were stained with hematoxylin and eosin (H&E) and imaged using brightfield microscopy (KEYENCE BZ-X700, Itasca, IL). For adipocyte area quantification, images of three random fields within an eWAT section, with well-defined cell boundaries and minimum vasculature or tissue damage, were acquired per animal. Morphometric analysis was performed using Adiposoft (a Fiji plug-in) [10, 11] ; by an experimenter naive to group assignments. Cells with areas <350-µm 2 and those extending beyond the image boundary, were excluded. Percentage frequency distributions were compared using the Friedman test and pairwise comparisons were made by Dunn's post-hoc test.
Glucose tolerance test and insulin tolerance test
The intraperitoneal glucose tolerance test (ip-GTT) was performed as previously described [12] . 5-or 10-month-old mice were habituated to the testing room for 1 h, after an overnight fast (~16 h). At 0900 hours, baseline glucose levels were measured using handheld glucometers (Freestyle; Abbott, Alameda, CA) via tail nick. Additionally, blood was collected in heparin-coated capillary tubes for analysis of baseline plasma insulin levels. Mice were then injected with glucose (1.5 mg/g, i.p.). Blood glucose level measurements and blood collection for insulin levels occurred at 15-, 30-, 45-, 60-, and 120-min post-glucose injection. Blood was centrifuged at 4°C at 3000 rpm for 20 min to obtain plasma for assessing insulin levels by enzyme-linked immunosorbent assay (ELISA; described below). A WT animal from both, the 5-and 10-month, cohorts died during ip-GTT. All timepoints for these animals were excluded. For the i.p. insulin tolerance test (ip-ITT), mice were fasted for~5 h and baseline glucose was measured. Mice were then injected with insulin (0.75 mU/g; Humulin R; Lilly, Indianapolis, IN) [13] . Blood glucose levels were measured using handheld glucometers (Freestyle) at 15-, 30-, 45-, 60-, and 90-min post-insulin injection.
Measurement of metabolic parameters
Blood was collected after an~6 h fast and processed to obtain plasma. Plasma adiponectin and leptin were measured by ELISA (#EZMADP-60K and EZML-82K, Milli-poreSigma, Billerica, MA). Plasma free fatty acids (FFAs) were measured using fluorometry (#700310, Cayman Chemicals, Ann Arbor, MI). Plasma and liver triglycerides were measured using colorimetry (#10010303, Cayman Chemicals). For samples collected during the ip-GTT, plasma insulin levels were measured by ELISA (#90080, Crystal Chem, Downers Grove, IL).
Real-time quantitative RT-PCR
Total RNA was isolated from eWAT and liver using the miRNeasy kit (Qiagen, Hilden, Germany) and assessed for quality (Agilent Bioanalyzer). Samples with an RNA Integrity Number (RIN) < 7 were excluded (n = 1 for WT-HFD eWAT and liver). For gene expression analysis, complementary DNA (cDNA) was synthesized from 200 ng of total RNA with the High-Capacity cDNA Synthesis kit (Applied Biosystems, Foster City, CA). Quantitative reverse transcriptase-PCR (qRT-PCR) was performed using the 2x Fast SYBR Green Master Mix (Applied Biosystems; primer sequences in Supplementary Table 1 ). MicroRNAs were reverse transcribed with specific TaqMan primers (Applied Biosystems), and subsequently measured by realtime PCR with the TaqMan universal PCR master mix and specific TaqMan probes (Applied Biosystems).
Western blotting
Liver samples were rinsed with phosphate-buffered saline and homogenized with RIPA buffer (Cell Signaling Technology, Danvers, MA) containing protease and phosphatase inhibitors (MilliporeSigma, Burlington, MA). Total protein was extracted from eWAT using the Minute Total Protein Extraction Kit for Adipose Tissues (Invent Biotechnologies, Plymouth, MN). Protein concentration was determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA). Equal amounts of total protein were separated by a sodium dodecyl sulphate-polyacrylamide (SDS-PAGE) gel, transferred to a polyvinylidene difluoride (PVDF) membrane and immunoblotted with antibodies: anti-SIRT1, anti-tubulin (#9475T and #2148, Cell Signaling Technology), anti-translin and anti-trax (generated in our laboratory, [14] ) and HSC70 (#PA529221, Thermo Fisher Scientific). Blots were developed with the enhanced chemiluminescence (ECL) system. Band intensities were quantified from digital images, by densitometry, using ImageJ [15] .
Microarray analysis
Total eWAT RNA was biotin labeled using the FlashTag Biotin HSR RNA Labeling Kit, hybridized to Affymetrix miRNA 4.0 arrays, scanned, and analyzed with Expression Console software (Thermo Fisher Affymetrix, Santa Clara, CA). The raw CEL file data were extracted using the Partek Genomics Suite 6.6 platform, and the mouse-specific probe sets normalized using the Robust Multi-array Average, RMA, algorithm (Partek, Inc. St Louis, MO). The six KO samples' log2 signal values were compared in Partek with the six WT samples using a one-way two-tailed analysis of variance (ANOVA), yielding the microRNAs' differential expression and statistical significance as fold change and Pvalues, respectively. These data have been deposited as GEO Submission GSE114932.
Statistical analysis
Data are presented as mean ± SEM. Statistical significance was evaluated using GraphPad Prism7 and 8 (GraphPad Software, La Jolla, CA). Student's two-tailed t-test, t-test with Welch's correction, (when groups had unequal variances), or one-way ANOVA (followed by Bonferroni's post-hoc test) were used to compare groups in singlevariable experiments. For datasets that did not pass normality tests, the Mann-Whitney U-test or the Kruskal-Wallis test (followed by Dunn's post-hoc test) was used. Repeated-measures (RM) two-way ANOVA were used to analyze multiple-variable experiments. Pairwise comparisons were made using Bonferroni's post-hoc test. Differences were considered significant at P < 0.05. Sample sizes are mentioned in the figure legends and represent biological replicates. For the comparative study involving adipositymatched WT mice, sample sizes were based upon numbers sufficient to establish that the body composition of the WT-HFD group differed significantly from the WT-LFD group but not from the KO-LFD group. Experimenters were blinded to group assignments during data acquisition and analysis.
Results

Effect of translin deletion on body composition
Consistent with previous reports [1, 2] , we found that translin KO mice exhibit a significant increase in body fat compared with age-matched WT mice on standard chow ( Fig. 1 ). However, in contrast to previous findings, heterozygous translin KO mice do not display increased adiposity ( Supplementary Figure 1 ). Fat mass (as percent body weight) is elevated ( Fig. 1a ; P < 0.01 at 7 weeks, 5 and 10 months, different cohorts for each age group); conversely, fat-free mass (as percent body weight) is significantly decreased ( Fig. 1b ; P < 0.01 at 7 weeks, 5 and 10 months) in translin KO mice compared with agematched WT mice. Despite their elevated adiposity, KO mice do not weigh more than WT mice. In fact, at 7 weeks, they weigh less than their age-matched controls ( Fig. 1c ; P = 0.0003). Both subcutaneous and visceral adipose tissue depots (as percent body weight) are elevated in the KO mice as compared with age-matched WT mice ( Fig. 1d ; P < 0.001). As a percent of total fat mass, translin KO mice have a greater proportion of fat deposited in the subcutaneous depot compared with WT littermates ( Fig. 1e ; P < 0.05).
Metabolic characterization of translin KO mice
We used indirect calorimetry to measure key parameters of EE in~8-week-old translin KO mice. Consistent with their elevated adiposity, they consume less oxygen (VO 2 ) and produce less carbon dioxide (VCO 2 ) across both, dark and light cycles (Figs. 2a, b; P < 0.01). Based on their lower VO 2 and VCO 2 , translin KO mice have a lower RER, suggesting increased fat oxidation ( Fig. 2c ; P < 0.01). There are no genotype differences in locomotor activity or core body temperature ( Fig. 2d and Supplementary Figure 2 ). ANCOVA conducted for both, EE and food intake, revealed that there is no significant effect of genotype on these metabolic parameters after controlling for fat-free mass (Figs. 2e, f).
Impact of translin deletion on glucose tolerance
Despite their elevated adiposity,~10-month-old, male translin KO mice display normal glucose tolerance ( Fig. 3a ). Blood glucose and plasma insulin levels are similar between WT and KO mice at baseline and at all timepoints assessed post-glucose load (Figs. 3a, b).
Since translin KO mice are glucose tolerant despite elevated adiposity, we sought to determine how translin deletion confers this protective effect by comparing them with adiposity-matched WT mice. Accordingly, we placed age-matched WT animals on a HFD and monitored their body composition weekly until they displayed equivalent levels of adiposity with translin KO mice fed a LFD. In addition, we included a group of WT animals on an LFD in this study, to serve as a control. Prior to being placed on their respective diets, there were no differences in body composition between the WT groups. As expected, KO-LFD mice had elevated adiposity ( Fig. 3c ; %fat mass: P = 0.002 for WT-LFD vs. KO-LFD, P < 0.0001 for WT-HFD vs. KO-LFD) and decreased fat-free mass ( Fig. 3d ; P = 0.001 for WT-LFD vs. KO-LFD, P < 0.0001 for WT-HFD vs. KO-LFD) relative to both WT groups. By week 6, these two measures were no longer different between KO-LFD and WT-HFD groups; however, both groups differed from the WT-LFD mice (Figs. 3c, d; P < 0.05 for WT-LFD vs. WT-HFD, P < 0.001 for WT-LFD vs. KO-LFD for %fat mass and %fat-free mass). There were no differences in body weight among the three groups at any timepoint during the study (Fig. 3e ).
After 6 weeks on their respective diets, fasting blood glucose levels are similar among groups. As found previously, WT-LFD and KO-LFD mice display comparable responses to exogenous glucose load at all timepoints of the GTT. However, adiposity-matched (WT-HFD) mice have elevated blood glucose levels at all timepoints post-injection compared with KO-LFD and WT-LFD mice ( Fig. 3f ; P < 0.05 at 15, 30, 45, 60, and 120 min). Glucose area under the curve (AUC) is elevated in adiposity-matched (WT-HFD) mice compared with WT-LFD mice (P = 0.004). As expected, there are no differences in glucose AUC between WT-LFD and KO-LFD groups (Fig. 3f (inset) ).
Comparison of plasma insulin levels during the GTT among these three groups shows that a glucose load elicits a (12) = 4.43, P = 0.0023 for average daily, t (12) = 5.29, P = 0.0009 for average dark cycle, t (12) = 3.34, P = 0.006 for average light cycle), b VCO 2 , (in mL/h; t (12) = 5.68, P = 0.0005 for average daily, t (12) = 6.70, P = 0.0002 for average dark cycle, t (12) = 3.79, P = 0.003 for average light cycle), c respiratory exchange ratio (RER = VCO 2 /VO 2 , (t (12) = 5.92, P < 0.0001 for average daily, t (12) = 3.86, P = 0.002 for average dark cycle, t (12) = 4.56, P = 0.0007 for average light cycle), d locomotor activity (in number of beam breaks), e energy expenditure (EE), (in kJ/day) and f food intake, (in kJ/day) in metabolic chambers across the light and dark cycles vs. fat-free mass (in g). n = 7/group for VO 2 , VCO 2 , RER, and EE; n = 8/ group for locomotor activity; n = 6 and 7 for the wild-type (WT) and KO groups, respectively, for food intake. Data are expressed as mean ± SEM. **P < 0.01 ***P < 0.001, and ****P < 0.0001. Statistical significance was assessed by Student's t-test for a-d and analysis of covariance (ANCOVA) for e, f; (white bar/circle = WT; black bar/ circle = translin KO) rapid increase in insulin levels (15-min timepoint compared with baseline) in both, WT-LFD and KO-LFD mice, but not in adiposity-matched (WT-HFD) mice (Fig. 3g ). Consistent with this observation, the insulin AUC is reduced for the WT-HFD group compared with the KO-LFD group (Fig. 3g (inset) ; P = 0.04). Furthermore, plasma insulin levels are significantly higher in the KO-LFD group compared with the WT-LFD groups at the final timepoint ( Fig. 3g ; P < 0.05 at 120 min). Even though the difference in insulin levels between WT-LFD and KO-LFD groups only reaches significance at the 120-min timepoint, KO-LFD mice show a trend toward higher insulin levels at all other timepoints. This may reflect increased insulin secretion by KO-LFD mice to compensate for a mild reduction in their insulin receptor sensitivity. However, KO-LFD (or even WT-HFD) mice do not show severe impairment in insulin sensitivity as assessed by the ITT (Fig. 3h ).
Characterization of hepatic tissue
As elevated adiposity is associated with liver steatosis, we characterized hepatic tissue. Histological analysis revealed prominent accumulation of lipid droplets in the KO-LFD group samples but only rare, isolated lipid droplets in the WT-LFD and WT-HFD group samples (Fig. 4a) . Consistent with the observed steatosis, liver tissue samples from the KO-LFD group have elevated triglyceride levels ( Fig. 4b ; P = 0.02 for WT-LFD vs. KO-LFD, P = 0.005 for WT-HFD vs KO-LFD). Plasma triglycerides do not differ among the three groups (Fig. 4c ), whereas plasma free fatty acids are elevated for the KO-LFD group compared with the WT-HFD group ( Fig. 4d ; P = 0.004). In addition, liver pyruvate kinase (Lpk) mRNA expression is lower in the WT-HFD group relative to the WT-LFD group (P = 0.01); however, Lpk mRNA levels for the KO-LFD group do not differ from either of the other groups. There are no differences in fatty acid synthase (Fas), medium chain acyl-coenzyme A dehydrogenase (Mcad), pyruvate dehydrogenase kinase isozyme (Pdk)4, peroxisome proliferator-activated receptor gamma (Pparγ), and sterol regulatory element-binding protein (Srebp)1c between groups (Fig. 4e ). Tumor necrosis factor (Tnf)α mRNA levels are decreased in the KO-LFD group (P < 0.05 for WT-LFD vs. KO-LFD and for WT-HFD vs. KO-LFD). There are no differences between groups with respect to gene expression for nitric oxide synthase (Nos)2, arginase (Arg)1 and interleukin (Il)10 (Fig. 4f) .
Recent studies have shown that Sirtuin (SIRT)1 plays an important role in regulating critical metabolic processes in the liver and a decrease in its levels is associated with nonalcoholic fatty liver disease [16] . Therefore, we measured hepatic SIRT1 protein levels. SIRT1 levels are decreased in WT-HFD and KO-LFD groups relative to the WT-LFD group (P = 0.01 for WT-LFD vs WT-HFD, P = 0.0002 for WT-LFD vs KO-LFD). Hepatic trax protein levels are not altered by diet or degree of adiposity. It is well established that trax protein, but not trax mRNA, is absent in translin KO mice [17] . Consistent with this finding, trax protein is not expressed in KO-LFD liver (Fig. 4g ).
Characterization of adipose tissue
Histological analysis revealed that eWAT adipocytes from both, WT-HFD and KO-LFD, groups are hypertrophic relative to the WT-LFD group (Fig. 5a ). This was confirmed quantitatively by comparing the percentage frequency distributions of adipocyte areas determined by morphometric analysis (P < 0.05 for WT-LFD vs. WT-HFD and WT-LFD vs. KO-LFD). Average adipocyte areas correlate with adiposity for all three groups (Fig. 5b) . Additionally, quantification of translin and trax proteins in eWAT after HFD exposure indicates that their expression does not vary with diet or degree of adiposity. As expected, both translin and trax proteins are absent from KO-LFD eWAT (Fig. 5c ).
There are no differences in either leptin or adiponectin mRNA levels in eWAT (Fig. 6a ). Although plasma leptin levels do not differ (Fig. 6b ), these are highly correlated with adiposity for all groups, as expected ( Supplementary Figure 3A) . Plasma adiponectin levels are increased in the KO-LFD group, but not in the adiposity-matched (WT-HFD) group ( Fig. 6c ; P = 0.005 for WT-LFD vs KO-LFD, P = 0.0003 for WT-HFD vs KO-LFD). Adiponectin levels correlate with adiposity for the WT-HFD group, but not for the WT or KO groups on an LFD (Supplementary Figure 3B ). Furthermore, eWAT mRNA levels of Fas (P < 0.05) and Pparγ (P < 0.05) differ only between the WT-LFD and WT-HFD groups (Fig. 6d ). There are no differences in adipose triglyceride lipase (Atgl), hormone-sensitive lipase (Hsl), or insulin-regulated glucose transporter (Glut4) among groups. As adipose tissue inflammation influences glucose metabolism [18] , we d Fat-free mass (as percent body weight), two-way RM ANOVA showed significant group × time interaction (F (12, 84) = 12.50, P < 0.0001) and main effects of time (F (6, 84) = 51.30 P < 0.0001) and group (F (2, 14) = 8.98, P = 0.0031) and e body weight (in g), two-way RM ANOVA showed significant group × time interaction (F (14, 98) = 13.71, P < 0.0001) and a main effect of time (F (7, 98) = 15.08, P < 0.0001) assessed weekly for WT and translin KO mice on a low-fat diet (LFD) and WT mice on a high-fat diet (HFD). f Blood glucose (in mg/dL) during an ip-GTT, two-way RM ANOVA showed significant group × time interaction (F (10, 70) = 4.42, P < 0.0001) and main effects of time (F (5, 70) = 110.90, P < 0.0001) and group (F (2, 14) = 13.54, P = 0.0005). f (inset): Glucose AUC, one-way ANOVA (F (2, 14) = 8.04, P = 0.0047). g Plasma insulin levels (in ng/mL) during an ip-GTT, two-way RM ANOVA showed significant group × time interaction (F (10, 70) = 2.92, P = 0.0041) and main effects of time (F (5, 70) = 18.14, P < 0.0001). g (inset): Insulin AUC, one-way ANOVA (F (2, 14) = 4.43, P = 0.0324). h Blood glucose (in mg/dL) during an i.p. insulin tolerance test (0.75 mU/g insulin), two-way RM ANOVA showed main effects of time (F (4, 56) = 34.26, P < 0.0001). n = 5, 6, and 6 for the three groups, respectively. Data are expressed as mean ± SEM. Different letters indicate statistically significant differences (P < 0.05); (white circles/bars = WT-LFD; gray squares/bars = WT-HFD; black triangles/bars = KO-LFD) measured mRNA levels of several inflammation markers, specifically, Tnfα, Nos2, Il10, Arg1, macrophage galactosetype lectin (Mgl)1 and Mgl2. Interestingly, Tnfα and Nos2 mRNA expression is increased in the adiposity-matched (WT-HFD) group compared with the KO-LFD group ( Fig. 6e ; P < 0.05 for WT-HFD vs KO-LFD).
MicroRNAs in translin KO WAT
As the translin/trax complex mediates degradation of a subpopulation of microRNAs [3] , one possibility is that the metabolic phenotype displayed by translin KO mice reflects blunted degradation of microRNAs targeted by this RNase normalized to GAPDH. f Relative mRNA levels of inflammation markers-tumor necrosis factor (Tnf)α, one-way ANOVA (F (2, 13) = 6.27, P = 0.0124), nitric oxide synthase (Nos)2, arginase (Arg)1 and interleukin (Il)10, normalized to GAPDH. n = 5, 5, and 6 for the three groups, respectively. g Representative bands for SIRT1, one-way ANOVA (F (2, 13) = 16.55, P = 0.0003), translin and trax protein in liver tissue (left) and their quantification normalized to tubulin (right). n = 5, 6, and 6 for the three groups, respectively. Data are expressed as mean ± SEM. Statistical significance was assessed by one-way ANOVA followed by Bonferroni's post-hoc analysis. Different letters indicate statistically significant differences (P < 0.05); (white circles/bars = WT-LFD; gray squares/bars = WT-HFD; black triangles/ bars = KO-LFD) complex. Accordingly, we examined eWAT from translin KO and WT mice for differences in microRNA expression patterns. Microarray analysis revealed differential expression of several microRNAs between the two groups (Fig. 6f ). qRT-PCR analysis confirmed upregulation of miRs-379-5p (P = 0.03), 335-5p (P = 0.02), 335-3p (P = 0.006), and 1946b (P = 0.02) in translin KO mice (Fig. 6g ). However, microRNAs that appear to be downregulated by microarray analysis do not show differences when assessed by qRT-PCR (Figs. 6f, g) . Microarray analysis also revealed that pre-miR-335 is significantly overexpressed in translin KO mice. Contrary to our model, this appears to be due to an increase in transcription as primary miR-335 transcript levels, assayed by qRT-PCR, are increased in samples from translin KO mice ( Supplementary Figure 4 ).
Discussion
The major finding of the present study is that translin KO mice have normal glucose tolerance despite a robust increase in adiposity. In contrast, WT mice fed HFD until they achieved comparable adiposity show impaired glucose tolerance, as expected. Further characterization of the metabolic profile of translin KO mice identified three factors that may account for the paradoxical preservation of glucose tolerance in translin KO mice: elevated circulating adiponectin, reduced eWAT Tnfα and Nos2 gene expression compared with the adipositymatched (WT-HFD) group, and preferential expansion of subcutaneous adipose tissue.
Several studies point to a protective role of adiponectin in preventing the deleterious consequences of obesity. , Friedman test showed a significant difference between the distributions (P = 0.0042) and correlation between %fat mass and average adipocyte area (in µm 2 ) for wild-type (WT)-low-fat diet (LFD) (r = 0.95, P = 0.0139), WT-high-fat diet (HFD) (r = 0.85, P = 0.0317), and knockout (KO)-LFD (r = 0.83, P = 0.0415) (right).
c Representative bands for trax and translin protein in eWAT (left) and their quantification normalized to heat shock cognate 71 kDa (Hsc70) (right). n = 5, 6, and 6 for the three groups, respectively. Data are expressed as mean ± SEM. Statistical significance was assessed by Student's t-test or Friedman's test followed by Dunn's post-hoc analysis; (white circles/bars = WT-LFD; gray squares/bars = WT-HFD; black triangles = KO-LFD) Fig. 6 Biochemical profiling of epididymal white adipose tissue (eWAT). a Relative leptin and adiponectin mRNA levels in eWAT, b plasma leptin (in ng/mL), c plasma adiponectin (in µg/mL), one-way analysis of variance (ANOVA) (F (2, 14) = 15.51, P = 0.0003), d relative mRNA levels of metabolic markers-Adipose triglyceride lipase (Atgl), Hormone-sensitive lipase (Hsl), Fatty acid synthase (Fas), oneway ANOVA (F (2, 13) = 3.92, P = 0.0466), Insulin-regulated glucose transporter (Glut4) and Peroxisome proliferator-activated receptor gamma (Pparγ), one-way ANOVA (F (2, 13) = 4.52, P = 0.0323), normalized to GAPDH, in eWAT, e relative mRNA levels of inflammation markers-tumor necrosis factor (Tnf)α, one-way ANOVA (F (2, 13) = 6.67, P = 0.0101), nitric oxide synthase 2 (Nos2), Kruskal-Wallis test (P = 0.0094), interleukin-10 (Il10), arginase 1 (Arg1), macrophage galactose-type lectin (Mgl)1 and Mgl2, normalized to GAPDH, in eWAT from adult WT and translin knockout (KO) mice on a low-fat diet (LFD), as well as wild-type (WT) mice on a high-fat diet (HFD) for 7 weeks. For the qRT-PCR data, n = 5, 5, and 6 for the three groups, respectively. Plasma levels of this adipokine are decreased in mouse models of obesity and in obese patients despite increased fat mass [19, 20] . Furthermore, adiponectin has been shown to maintain "healthy" expansion of adipose tissue by its actions, such as increasing insulin sensitivity and stimulating GLUT4-mediated glucose uptake into skeletal muscles [21] [22] [23] [24] . Consistent with this view, there is an inverse correlation between plasma adiponectin levels and insulin resistance in humans, independent of obesity [25] . Therefore, the maintenance of normal glucose tolerance in translin KO mice may be due, in part, to their elevated adiponectin levels. Of note, recent reports show that translin KO mice have ectopic adipogenesis in bone marrow [26] . Given that bone marrow adipocytes can secrete a disproportionate amount of adiponectin [27] , this source may contribute to increased adiponectin levels in these mice.
Another factor that could contribute to preserving normal glucose tolerance is the reduced eWAT Tnfα and Nos2 expression in translin KO mice compared with adipositymatched WT mice. Translin KO mice also have lower hepatic Tnfα mRNA expression than either WT-LFD or WT-HFD mice. These proinflammatory cytokines are normally elevated in obesity and are thought to contribute to insulin resistance [20, [28] [29] [30] . Therefore, the blunted Tnfα and Nos2 expression in translin KO mice may confer protection against glucose intolerance. Conceivably, reduced Tnfα expression may be secondary to the elevated levels of adiponectin, which is known to have anti-inflammatory effects [31] . Kern et al. [25] report an inverse relationship between plasma adiponectin and adipose tissue-derived Tnfα mRNA expression. Consistent with this finding, rodent studies show that adiponectin treatment suppresses plasma and hepatic levels of this proinflammatory cytokine, whereas adiponectin KO mice have increased adipose tissue Tnfα mRNA and plasma TNFα levels [32, 33] .
Moreover, translin KO mice display a preferential increase in subcutaneous fat. Expansion of this depot, rather than visceral fat accumulation, is thought to be protective against the development of metabolic syndrome. This pattern of fat deposition was unexpected as accumulation of fat in males generally favors the visceral depot. Further studies investigating how translin deletion elicits this pattern, including gonadal hormone profiling, would be of interest [34] [35] [36] .
Although our present study has identified several factors that may account for preserving glucose tolerance in translin KO mice, the molecular mechanism underlying their robust adiposity remains unclear. Recent studies show that translin KO mice have altered mesenchymal cell differentiation, which could lead to excessive adipogenesis during development [26, 37] . Consistent with this scenario, we found that translin KO mice display increased fat mass and decreased fat-free mass as early as 7 weeks of age.
In addition to prominent expansion of WAT, translin KO mice also display ectopic accumulation of lipids in liver, as evident from the extensive hepatic steatosis and elevated liver triglyceride levels. This pathology is more pronounced in the KO-LFD than in adiposity-matched WT-HFD mice. As hepatic steatosis is linked to hepatic insulin resistance [38] , it is noteworthy that translin KO mice retain normal glucose tolerance. Animal models with liver-specific knockdown of SIRT1, a master regulator of hepatic metabolism, show hepatic steatosis [39, 40] . Therefore, it is possible that the prominent steatosis observed in translin KO mice is due to reduced levels of hepatic SIRT1 [41] . However, expression levels of transcription factors downstream of SIRT1, such as Pparγ and Srebp-1c, or of metabolic enzymes regulating glucose or fatty acid metabolism (Fas, Lpk, Mcad, and Pdk4) are not altered in liver samples from translin KO mice indicating that reduced levels of hepatic SIRT1 may not account for this phenotype. Accordingly, further studies are warranted to define the mechanisms mediating hepatic steatosis in these mice.
As recent studies have implicated the microRNA system in regulating energy metabolism and the translin/trax RNase complex in mediating degradation of a subpopulation of microRNAs, it is tempting to speculate that defective microRNA degradation present in translin KO mice might contribute to their robust adiposity. To explore this possibility, we assessed the impact of translin deletion on microRNA expression profiles in eWAT. A priori, we would expect to see an upregulation of microRNAs that are directly targeted by the translin/trax complex. However, indirect effects of translin deletion and/or adiposity may also elicit up-or downregulation of other microRNAs. Results of the qRT-PCR studies conducted to validate the microarray findings confirmed increased expression of a small number of microRNAs, namely miRs-335-5p, -335-3p, -379-5p, and -1946b. Interestingly, levels of miR-335-5p and miR-379-5p are elevated in adipose tissue harvested from various mouse models of obesity [42] [43] [44] . Thus, it is unclear whether these increases are due to the elevated adiposity present in translin KO mice or if they might contribute to increased adiposity. Furthermore, it is important to note that the primary transcript containing miR-335-5p and -3p, pri-miR-335, is also increased in adipose tissue from translin KO mice suggesting that the increase in miR-335 is due to increased transcription rather than impaired degradation.
Previous studies have identified several downstream targets of miR-335-5p that may regulate adipogenesis. For example, miR-335-5p interferes with mesenchymal stem cell differentiation by downregulating osteoblastogenic runtrelated transcription factor 2 (Runx2) [45] . Oger et al. [44] report dysregulated expression levels of several previously validated mRNA targets of miR-335-5p in the eWAT from ob/ob mice compared with WT mice, including Tenascin (Tnc) and leucine-rich alpha-2-glycoprotein 1 (Lrg1) [44] . To the best of our knowledge, there is no direct evidence linking targets of miRs-379-5p to adipogenesis or obesity.
MiRTarBase [46] lists Il17ra, the mRNA that encodes interleukin-17 receptor (IL-17R)A, among the experimentally validated targets of miR-1946b. Interestingly, IL-17RA deficiency exacerbates HFD-induced obesity, yet it protects from glucose dysmetabolism [47] . Its ligand, IL-17A, inhibits adipocyte differentiation in mesenchymal stem cells and stimulates proinflammatory responses in adipocytes [48] . Taken together, these findings implicate Il17ra as an attractive molecular candidate contributing to the metabolic profile displayed by translin KO mice.
Besides disrupting microRNA signaling, translin deletion could induce adiposity by affecting other aspects of intracellular signaling. For example, translin deletion also causes the loss of trax [17] , a protein which interacts with other partner proteins to act in a microRNA-independent manner. Recent studies have elegantly demonstrated that trax binds to and activates ATM kinase. In addition to its well-known role in mediating DNA repair, this kinase also plays a prominent role in regulating insulin signaling [6] . Thus, adiposity displayed by translin KO mice might reflect dysregulation of ATM signaling pathways [5, 49] . Furthermore, the translin/trax complex has been shown to bind to the glucose response element of the LPK gene in rat liver extracts and cultured hepatocytes [50, 51] , so it may regulate LPK transcription in a microRNA-independent fashion. Thus, both microRNA-dependent and -independent mechanisms need to be considered in designing future studies investigating the molecular mechanisms mediating the metabolic phenotypes induced by translin deletion.
The ability to assess the impact of cell-type selective and inducible deletion of translin using conditional translin KO mice will be valuable for guiding future studies aimed at deciphering how translin deletion causes robust adiposity and hepatic steatosis yet retains normal glucose tolerance.
